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Introduction human metabolism of these estrogens. In this study, we synthesized the catechol metabolite of equilenin, 4-hydroxy-
A firm link between female reproductive variables and equilenin, and examined how aromatization of the B ring increased risk of developing cancer in several tissues, affects the formation and reactivity of the o-quinone (3,5-especially the breast, has been established from epidemio-
cyclohexadien-1,2-dione). 4-Hydroxyequilenin-o-quinone is
logical studies (1, 2) . The longer women are exposed to much more redox-active and longer-lived than the endogenestrogens either through early menarche and late menopause ous catechol estrone-o-quinones, which suggests that the (3) and/or through estrogen replacement therapy (ERT*), the mechanism(s) of toxicity of the former could be quite higher is the risk of developing cancer (4, 5) . Recent data different. Interestingly, the rate of reduction of the 4-indicate that as many as 30% of post-menopausal women in hydroxyequilenin-o-quinone is increased at least 13-fold the United States are currently receiving ERT (6). Although in the presence of NAD(P)H:quinone oxidoreductase (DTthere are many benefits of ERT, including a substantial reducdiaphorase). Once NADH is consumed however, the tion in the risk of coronary heart disease or osteoporosis, such catechol auto-oxidized rapidly to the o-quinone. NADH statistics emphasize the importance of fully understanding all consumption was accompanied by dicumarol-sensitive the deleterious effects of estrogens including their potential to oxygen uptake both with the purified enzyme and with initiate and/or promote the carcinogenic process. cytosol from human melanoma cells with high levels of Premarin (Wyeth-Ayerest) is the estrogen replacement treat-DT-diaphorase activity. P450 reductase and rat liver microment of choice and in 1995, it was the most widely dispensed somes also catalyzed NADPH consumption and oxygen prescription in the USA according to 'The Top 200 Drugs' uptake. 4-Hydroxyestrone-o-quinone was also rapidly survey (7). In spite of the high level of exposure of postreduced by NAD(P)H; however, this o-quinone does not menopausal women to this formulation, very little is known auto-oxidize and once the o-quinone is reduced the reacabout the metabolism and potential toxic metabolites that could tion terminates. Including oxidative enzymes in the incubabe produced from the 10 different estrogens which make up tion completes the redox couple and 4-hydroxyestrone-oPremarin (Table I) . It is known that treating hamsters for 9 quinone behaves like 4-hydroxyequilenin-o-quinone. These months with either estrone, equilin ϩ equilenin, or sulfatasedata suggest that reduction of estrogen-o-quinones may not treated Premarin, resulted in 100% tumor incidences and result in detoxification. Instead this could represent a abundant tumor foci (8). Since unsaturated estrogens represent 54% of the estrogens in Premarin, these data show the importance of fully understanding the biotransformation of catalyzed oxidation of these catechols have previously been diaphorase-mediated generation of reactive oxygen species 4-NC, which is a metabolite of the environmental pollutant naphthalene (22), showed similar effects on NAD(P)H oxidaradicals which causes oxidation of the purine/pyrimidine residues of DNA (10). o-Quinones are also Michael acceptors tion, oxygen consumption and cytotoxicity. These data give strong evidence that bioreductive redox-cycling of 4-OHENand they could be responsible for alkylation of DNA which has been detected by 32 P-post-labeling methods (11). Alternao-quinone plays a major role in cellular damage, whereas with 2-OHE-and 4-OHE-o-quinones, other cytotoxic pathways tively, we have shown that additional reactive intermediates can be produced from isomerization of the catechol estrogen likely contribute. o-quinones to highly electrophilic p-quinone methides (12,13). which could be the ultimate DNA alkylating agents.
Materials and methods

The relative rates of 2-and 4-hydroxylation in baboon liver
Caution microsomes has been examined for estrone, 17β-estradiol, All quinones used in this study and the catechol estrogen o-quinones in equilin and equilenin (14 , Table I ). Interestingly, the ratio of particular were handled in accordance with NIH guidelines for the Laboratory 2:4 hydroxylation was found to vary dramatically with subUse of Chemical Carcinogens (23).
strate; thus increasing unsaturation in the B ring leads to a All chemicals were purchased from Aldrich (Milwaukee, WI), Fisher Scientific (Itasca, IL) or Sigma (St Louis, MO) unless stated otherwise. 2-change in metabolism from predominately 2-hydroxylation for OHE and 4-OHE were either purchased from Sigma (St Louis, MO) or estrone to exclusively 4-hydroxylation for equilenin. This is synthesized as described previously (24). Both 2-and 4-THNC were syntheparticularly significant since 4-hydroxyestrone (4-OHE) was sized as described previously (25,26). Recombinant human DT-diaphorase found to be a renal carcinogen in the male Syrian golden was obtained from expression of the DT-diaphorase coding region isolated from the H460 non-small cell lung cancer cell line in Escherichia coli as hamster (15) whereas 2-hydroxyestrone (2-OHE) was not described previously (27). The specific activity was 625 µmol of 2,6- 
hydroxyequilenin (4-OHEN) o-quinone increases the amount
Synthesis of 4-OHEN and 4-OHEN-o-quinone
of oxidative damage to DNA by 50% compared with control 4-OHEN was synthesized by treating equilin (Sigma) with Fremy's salt in a levels (17). These preliminary studies show the importance of similar manner to the procedure described in References 8 and 29. We used fully examining the effect of structural changes in the B ring equilin as the starting material instead of equilenin (Steraloids, Inc., Wilton, on quinoid formation from these estrogens. NH) because of the expense of the latter, and we have found that the harsh synthetic conditions cause aromatization of the B ring in equilin leading to NAD(P)H:(quinone acceptor)oxidoreductase (DT-diaphorformation of 4-OHEN exclusively. Briefly, 500 mg Fremy's salt in 10 ml H 2 O ase) is generally known for its ability to detoxify p-quinones was added to 300 mg equilin in 100 ml acetone and 40 ml H 2 O and stirred by catalyzing their two-electron reduction to hydroquinones for 10 min at 25°C. Fremy's salt (500 mg) was repeatedly added (five times) using either NADH or NADPH as the reducing cofactor until TLC no longer showed the existence of equilin. The mixture was extracted four times with 100 ml chloroform. The chloroform extracts were (18, 19 (30) . Fig. 1 . Log of the first-order rate constant for the auto-oxidation of Kinetic studies 4-OHEN as a function of pH. The auto-oxidation rate of 4-OHEN was determined by monitoring the appearance of the o-quinone chromophore (λ max ϭ 392 nm) spectrophotocap cultured in MEMH (Life Technologies, Grand Island, NY) supplemented metrically. To determine the rate of disappearance of 4-OHEN-o-quinone, with penicillin, streptomycin, fungizome and 10% fetal bovine serum (FBS). incubations (15 ml) were carried out at pH 7.4, 37°C and aliquots (500 µl)
The media was changed 24 h before beginning cytotoxicity assays in order were quenched with perchloric acid (50 µl/ml). Aliquots of the supernatant to maintain logarithmic growth. The cells were harvested by trypsinization, (100 µl) were analyzed directly by HPLC with a 4.6ϫ150 mm Ultrasphere counted, diluted in media to 7-8ϫ10 4 cells/ml and added to 96-well plates C-18 column (Beckman) on a Shimadzu LC-10A gradient HPLC equipped containing the test compound dissolved in DMSO (0.5% final concentration). with an SIL-10A auto injector, SPD-M10AV UV/VIS photodiode array
The test samples were assayed in triplicate and final concentrations ranged detector, and SPD-10AV UV detector set at 280 nm. The mobile phase from 0.03-150 µg/ml. For each catechol, attempts were made to treat the consisted of 10% methanol in 0.25% perchloric acid/0.25% acetic acid (pH 3.5) cells with doses that were 2.5-to 6.25-fold above and below the estimated at 1.0 ml/min for 2 min and increased to 90% CH 3 OH over 28 min. Under ED 50 value. Each assay included negative controls (cells treated with DMSO these conditions, 4-OHEN-o-quinone has a retention time of 17 min.
only) that were used to define 100% cell viability. The catechols did not Cell cytosol preparation interfere with the attachment of the cells to the plates as determined by similar Cell cytosol from cultured UIC-SO-MEL-2 (human melanoma) cells was ED 50 values for cells treated immediately upon plating as compared with cells obtained from two to five 75-cm 3 cell culture flasks. Cells were grown to allowed to attach for 1 h prior to addition of test compound. The plates were 80% confluence and detached by trypsinization. The cells were pelleted by incubated for 3 days. Following incubation, the cells were fixed with centrifugation at 4°C in 15 ml conical tubes. The cell pellets were washed trichloroacetic acid and stained with 0.4% sulphorhodamine B in 1% acetic twice with PBS followed each time by centrifugation. The cell pellets were acid. The bound dye was liberated with 0.1 M Tris base, and the absorbance suspended in ice-cold buffer containing 25 mM Tris-HCl and 125 mM at 515 nm was measured with a microtiter plate reader. The ED 50 values were sucrose (pH 7.4). The suspensions were homogenized for 2 min on ice and obtained by regression and linear estimation analysis. All assays were centrifuged at 100 000 g for 30 min at 4°C to yield a clear cytosolic fraction. performed 3-6 times. DT-diaphorase activity was determined as described previously (31) .
Instrumentation Oxidation of NAD(P)H
HPLC experiments were performed on the above mentioned Shimadzu HPLC Reduction of o-quinones was monitored by UV-visible spectrophotometry system. Peaks were integrated with Shimadzu EZ-Chrom software and a using a Hewlett-Packard HP8452 diode array spectrophotometer. 4-OHEN 486-33 computer. 1 H NMR spectra were obtained with a Varian XL-300 (30 µM) was added to 50 mM potassium phosphate buffer (pH 7.4) containing spectrometer at 300 MHz and CI/EI mass spectra were obtained with a 0.7 mg/ml BSA and allowed to auto-oxidize to the o-quinone. 4-NC-o-quinone Finnigan MAT 90 magnetic sector mass spectrometer. (Aldrich) was added as a solution in dimethylsulfoxide. 4-OHE-o-quinone was prepared by MnO 2 catalyzed oxidation in acetonitrile as described previously (32) conditions. Starting from the catechol, the first-order autophosphate buffer (pH 7.4, 1 ml total volume) (34). 4-NC-o-quinone was added oxidation rate was determined by monitoring the appearance of as a solution in DMSO (1 µl of 100 mM). 4-OHEN was also added in DMSO 4-OHEN-o-quinone spectrophotometrically (λ max ϭ 392 nm).
(1 µl of 100 mM) and allowed to auto-oxidize to the o-quinone prior to addition of microsomes and NADPH. For control incubations, heat inactivated At 25°C, pH 7.4, the rate constant for o-quinone formation is microsomes were used. The reactions were initiated by the addition of NADPH 1.9ϫ10 -2 /s, which indicates oxidation is essentially complete and the rate of NADPH oxidation was monitored at 340 nm. within 4 min. The auto-oxidation rate is base-catalyzed and Assays were performed by procedures developed by the National Cancer Institute (35) as described previously (36, 37) . Briefly, the cells were closed-
The disappearance of the o-quinone peak was then directly monitored by HPLC since the o-quinone is stable for at least than studies discussed above due to the presence of BSA required to stabilize DT-diaphorase activity. Nucleophilic 1 day in strong acid. At 37°C, pH 7.4 this o-quinone has a amino acid residues on BSA likely scavenge some of the half-life of 2.3 h compared with 12 min for 4-OHE-o-quinone naphthyl o-quinones resulting in an apparent decreased rate of and 47 s for 2-OHE-o-quinone (12). At present it is not NADH oxidation. These data indirectly suggest that DTknown what the products of 4-OHEN-o-quinone decomposition diaphorase was partially responsible for the enzyme-catalyzed are; however, it is likely that the o-quinone isomerizes to reduction of 4-OHEN-o-quinone in melanoma cytosol; howquinone methides similar to reactions of 4-OHE-and 2-OHEever, NAD(P)H alone appears to be sufficient for the metao-quinones (12,13).
bolism of 4-NC-o-quinone.
o-Quinone mediated oxidation of NAD(P)H
Similar results were obtained in experiments with purified As mentioned previously, it has been shown that DT-diaphorase P450 reductase; the rate of NADPH oxidation was increased can catalyze bioreductive activation (18). In this study, we 10-fold for both 4-OHEN-o-quinone and 4-NC-o-quinone. In incubated the o-quinones with and without DT-diaphorase and the presence of rat liver microsomes, NADPH oxidation followed the disappearance of the NADH chromophore at was enhanced 2-fold for both naphthyl-o-quinones (Table II) . 340 nm. As observed previously with 4-OHE-o-quinone (38) Interestingly, when superoxide dismutase was included in the and 4-NC-o-quinone (39), 4-OHEN-o-quinone was spontanemicrosomal incubations, NADPH oxidation was enhanced an ously reduced by NADH. However, unlike 4-OHE-o-quinone, additional 2-fold for 4-OHEN-o-quinone. which is not a substrate for DT-diaphorase (38) , the rate of o-Quinone mediated oxygen consumption reduction for both naphthyl o-quinones was increased 13-fold
Since the oxidation of NADH could be inhibited by decreasing for 4-OHEN-o-quinone and 22-fold for 4-NC-o-quinone when oxygen concentration (Table II) , it is likely that molecular DT-diaphorase was included in the incubation (Figure 2 , Table  oxygen is responsible for auto-oxidation of the catechol and II). In the presence of dicumarol, a potent inhibitor of DTsemi-quinone radical. Reduction of oxygen should produce diaphorase (33), the rate enhancement for 4-OHEN-o-quinone superoxide which, in theory, could be detected by superoxide was abolished. Dicumarol also inhibited 4-NC-o-quinone medidismutase inhibition of succinylated cytochrome C reduction ated NADH oxidation although the rate was only decreased (41) . Unfortunately, superoxide dismutase also enhances the 7-fold. Both naphthyl catechols formed proved to be unstable auto-oxidation rate of the catechols (discussed above) and the in the presence of oxygen, and reduction of the o-quinones by catechols reduced succinylated cytochrome C directly (data not DT-diaphorase was accompanied by continuous oxidation of shown). As a result, superoxide formation could not be NADH (Figure 2 ). After NADH was completely consumed quantified using this spectrophotometric assay and we measured the o-quinone chromophore rapidly appeared at 410 nm.
total oxygen consumption using the Clark type oxygen elecMolecular oxygen was found to play a predominant role in trode instead (Table III) . Experiments with purified DT-diaphorthe auto-oxidation of 4-OHEN as hypoxic conditions inhibited ase showed a 5-fold increase in oxygen consumption for the rate of DT-diaphorase mediated NADH oxidation by a 4-OHEN-o-quinone and a 14-fold stimulation for 4-NC-ofactor of 10 (Table II) .
quinone. Dicumarol was virtually 100% effective at restoring In agreement with previous work (38), we have found that 4-oxygen consumption rates to the NADH only catalyzed rate. OHE-o-quinone is rapidly reduced by NADH (1.5 Ϯ 0.1 mM Metabolism of 4-OHEN-o-quinone by melanoma cytosol in NADH/min); however, unlike 4-OHEN-o-quinone, once all of the presence of NADPH also showed substantial oxygen the 4-OHE-o-quinone is reduced to the catechol, auto-oxidation uptake. Melanoma cytosol-mediated oxygen consumption was does not take place and the reaction terminates ( Figure 2C ).
inhibited by dicumarol, which again suggested that DTIncluding DT-diaphorase in the incubation did not enhance the diaphorase was responsible for the activation of 4-OHEN-oreduction rate, which confirmed previous studies (38) . When quinone. Experiments with 4-NC-o-quinone and melanoma tyrosinase ( Figure 2D ) or microsomes (data not shown) are cytosol also showed considerable oxygen uptake; however, included with NAD(P)H and 4-OHE-o-quinone, a redox couple oxygen consumption was not affected by dicumarol within is created, and NAD(P)H is rapidly consumed followed by experimental uncertainty. We also measured 4-OHE-o-quinoneappearance of the o-quinone (λ max ϭ 420 nm). NADH-mediated mediated oxygen uptake in melanoma cytosol. Since this oreduction of both 4-OHE-and 4-OHEN-o-quinones can be quinone does not auto-oxidize, it requires an oxidative enzyme to complete the redox couple and this is reflected in the completely abolished by addition of GSH, which suggests that small amount of oxygen uptake observed; 4-OHE-o-quinone GSH must be depleted in vivo prior to the onset of oxidative consumes 0.61 µM O 2 /min, which is 11-fold less than 4-stress.
OHEN-o-quinone. The reduction of the o-quinones by UIC-SO-Mel-2 cytosol P450 reductase also stimulated oxygen consumption with was quantified by following oxidation of NADPH in the both 4-OHEN-(5-fold) and 4-NC-o-quinone (4-fold) and the presence and absence of dicumarol. This particular cell line was oxygen consumption rate could be further enhanced with chosen because of the high DT-diaphorase activity (1.3 µmol/ superoxide dismutase. Microsomal incubations with NADPH min per mg of protein) relative to other tumor cell lines (i.e. and 4-OHEN-o-quinone only enhanced oxygen uptake 2-fold DT-diaphorase activity for 16 tumor cell lines ranged from relative to heat-inactivated microsomes. Superoxide dismutase 0.08-1.5 µmol/min per mg of protein, 40). As observed for stimulated the rate for both naphthyl o-quinones an additional experiments with the purified enzyme, dicumarol decreased 2-fold, which is consistent with the rate enhancement detected the rate of metabolism of 4-OHEN-o-quinone by a factor of with the NADPH oxidation experiments. five (Table II) . Although the rate of reduction of 4-NC-oCytotoxicity studies of catechol estrogens in human melanoma quinone was enhanced by melanoma cytosol, dicumarol only cells inhibited the reaction by 23%. It appears that other cellular reductases are equally effective in metabolizing 4-NC-oStudies conducted with human melanoma cells displaying high levels of DT-diaphorase activity demonstrated that all of quinone. The NADH rate of reduction was 2-4-fold higher the catechols tested had some cytotoxic activity. The catechols Discussion caused cell death, not just inhibition of growth as ED 50 values Catechol estrogen-o-quinones have been implicated as the for cells treated for 1 h were comparable to data obtained after ultimate metabolites responsible for estrogen carcinogenesis the usual 3-day incubation (data not shown). The catechol although the nature of the lesion(s) and its mechanism of estrogens were divided into two groups based on both their formation is not known. In this study, we have shown that cytotoxicity and the chemistry of their o-quinones (Table IV) .
formation of the o-quinone from the Premarin metabolite 4-4-OHEN and 4-NC (group 1) are particularly potent cytotoxins, OHEN occurs readily in aqueous solution without the need likely due to rapid auto-oxidation of the catechols to longfor enzymatic/chemical catalysis. Increasing pH enhances the lived, redox-active o-quinones. Group 2 (Table IV) contains auto-oxidation rate of 4-OHEN suggesting that the in vivo the endogenous estrone catechols and their AB ring analogs pH could have a strong influence on the rate of formation of (i.e. 2-THNC and 4-THNC). In general, these catechols do 4-OHEN-o-quinone. Catechols are known to undergo both not auto-oxidize to o-quinones, are not substrates for DTspecific base (42) and general base catalyzed (43) autodiaphorase, and were much less toxic compared with the oxidation to o-quinones although there are very few that will naphthyl catechols. Finally, inhibition of DT-diaphorase auto-oxidize under physiological conditions. It appears that the activity with dicumarol did not show any decrease in catecholmediated toxicity for either 4-OHEN or 4-NC.
adjacent aromatic ring stabilizes 4-OHEN-o-quinone through It has been shown that 4-OHE-o-quinone is not a substrate extended conjugation leading to a reduction in ground state energy and a corresponding increased ease of formation from for DT-diaphorase although it is reduced by cytochrome P450 reductase and spontaneously by NAD(P)H alone (38) . the catechol. In support of this it has been shown that the catechol metabolite of benzo[a]pyrene rapidly undergoes air Dicumarol, a potent inhibitor of DT-diaphorase, had no effect on the 4-OHE-o-quinone-induced single-strand DNA breaks oxidation to yield benzo[a]pyrene-7,8-dione (44, 45) .
Formation of reactive oxygen species through redox-cycling in MCF-7 cells (48) nor did it influence hydrogen peroxide production in experiments with purified DT-diaphorase (38) . of catechol estrogen-o-quinones mediated by P450 reductase has been demonstrated in vitro for 4-OHE-o-quinone (38) .
In contrast, the synthetic estrogen, diethylstilbestrol (DES), does undergo DT-diaphorase-mediated two-electron reduction Thus, 4-OHE-o-quinone was found to be a substrate for purified P450 reductase and a 2-fold increase in hydrogen and it has been suggested that this pathway offers protection from reactive oxygen species formed through one-electron peroxide production was observed relative to NADPH alone (38) . Similarly, this investigation showed that P450 reductase redox-cycling of the DES-p-quinone (49) . In support of this, DT-diaphorase reduced the levels of superoxide by 73% can stimulate the NADPH oxidation rate and oxygen consumption rate of the Premarin metabolite 4-OHEN-o-quinone ( Figure  in incubations with DES-p-quinone, NADPH, and kidney microsomes from hamsters (49) . On the other hand, two-3). Rat liver microsomes also catalyzed oxygen consumption and NADPH oxidation.
electron reduction by DT-diaphorase appears to be a cytotoxic pathway instead of a detoxification mechanism for 4-OHENSuperoxide dismutase stimulated both NADPH oxidation and oxygen uptake by 4-OHEN-o-quinone in rat liver microo-quinone. The rate of reduction of 4-OHEN-o-quinone was increased at least 13-fold in the presence of DT-diaphorase somes. Depending on the reduction potential of the quinone/ semi-quinone radical couple, superoxide dismutase can either (Table II) . Once NADH is consumed however, the catechol auto-oxidized rapidly to the o-quinone. NADH consumption stimulate or inhibit the formation of reactive oxygen species (46) . For 4-OHE-o-quinone, the presence of superwas accompanied by dicumarol-sensitive oxygen uptake, both with the purified enzyme and with cytosol from human oxide dismutase in microsomal incubations abolished hydrogen peroxide production (38) . Similarly, with DES-p-quinone, melanoma cells with high levels of DT-diaphorase activity.
In this investigation, we confirmed that 4-OHE-o-quinone superoxide dismutase lowered reactive oxygen species formation to basal levels in hamster kidney microsomes (46) . In was rapidly reduced by NAD(P)H; however, this o-quinone reductases occurs as DT-diaphorase is inhibited. For example, dicumarol does not protect hepatoma cells from polycyclic aromatic hydrocarbon-o-quinones (50) which could imply they are not substrates for DT-diaphorase or one electron redox cycles catalyzed by P450 reductase, cytochrome b 5 reductase, or mitochondrial oxidoreductase take over as DT-diaphorase is inhibited (39, 51) . These data along with the above experiments on NAD(P)H oxidation and oxygen consumption with purified DT-diaphorase, P450 reductase, melanoma cytosol, and microsomes strongly suggest that the cytotoxic mechanism for 4-OHEN-o-quinone involves consumption of reducing equivalents (NADH/NADPH) as well as formation of superoxide and other reactive oxygen species leading to in vivo reported for several of the polycyclic aromatic hydrocarbono-quinones (39, 45, (50) (51) (52) , which suggests that similarities in does not auto-oxidize, and once the o-quinone was reduced structure between 4-OHEN-o-quinone and these PAH metathe reaction terminated. Including oxidative enzymes in the bolites may explain their proposed comparable cytotoxic/ incubation completes the redox couple and 4-OHE-o-quinone mutagenic mechanisms (53) . behaved like 4-OHEN-o-quinone. These data suggest that None of the group 2 catechols auto-oxidize nor are they reduction of estrogen-o-quinones may not result in detoxificasubstrates for DT-diaphorase. All are efficiently reduced by tion. Instead this could represent a cytotoxic mechanism NAD(P)H however, and it is quite possible that along with involving consumption of reducing equivalents (NADH/ enzyme-catalyzed (i.e. tyrosinase, P450, peroxidases) or metal NADPH) as well as formation of superoxide and other reactive ion oxidation, NAD(P)H could complete the in vivo redox oxygen species leading to oxidative stress (Figure 3) .
cycle. If the group 2 o-quinones are generated using The general trend in cytotoxicity showed catechols that tyrosinase, for example, we have found that NADH is comform long-lived o-quinones were the most toxic compounds pletely consumed ( Figure 2D) , similar to what is observed tested, suggesting that cell death could occur through a with the non-enzymatic reaction with 4-OHEN-o-quinone combination of oxidative stress and alkylation of cellular ( Figure 2B ). Also, it has been shown that Cu(II) oxidizes 2-macromolecules mediated by the o-quinone. For the highly hydroxyestradiol resulting in significant oxygen uptake and cytotoxic naphthyl catechols (group 1, Table IV) the above DNA strand breaks (54) . Interestingly, incubation of 4-OHE data with purified enzymes and cell/tissue homogenates suggest but not 2-OHE, with microsomes, NADPH and DNA induced that DT-diaphorase and/or P450 reductase likely contribute to 8-hydroxylation of guanine bases (17). This is particularly cell death through formation of reactive oxygen species. It significant since only 4-OHE is carcinogenic in the hamster was surprising that the inhibitor of DT-diaphorase, dicumarol, kidney (15), which is likely due to the longer lifetime of its did not protect the cells from o-quinone-mediated damage since o-quinone. including dicumarol in incubations with melanoma cytosol led
In previous work, we showed that the major products of to a decrease in both the rate of NADPH oxidation and oxygen decomposition of 4-OHE-and 2-OHE-o-quinones are quinone consumption. It is possible that little dicumarol actually crosses methides and it is quite possible that a similar reaction occurs the cell membrane to inhibit DT-diaphorase since the cell with 4-OHEN-o-quinone. For the estrone catechols, the rate incubation media contains 10% FBS and dicumarol is highly of isomerization of the o-quinones to the quinone methides protein bound. Alternatively, it is conceivable that a significant contribution from microsomal P450 reductase and/or other varied by a factor of 17, and yet the catechols were equally of estrogens and progestins and the risk of breast cancer in post-menopausal cytotoxic within experimental uncertainty (Table IV) In summary, on the basis of these data it may be concluded molecules by these potent electrophiles may also contribute to (1996) Role of NAD(P)H:quinone oxidoreductase (DT-diaphorase) in cellular damage. 4-OHE may also cause toxicity by all of the cytotoxicity and induction of DNA damage by streptonigrin. Biochem. mechanisms outlined in Figure 3 ; however, redox-cycling by 
